The optimal conditions for the synthesis of lauroyl er ythorbate through the condensation of er ythorbic acid with lauric acid using immobilized lipase in organic solvents were determined, which are as follows: 0.5 mmol of erythorbic acid, 3.75 mmol of lauric acid, 5 mL of acetonitrile, 50 mg of Chirazyme ® L-2 C2, 60℃. Octanoic, decanoic, myristic, and palmitic acid were also used for the synthesis of acyl erythorbate; however, the effect of the acyl chain length of the fatty acid on the reaction conversion was not observed. The DPPH radical scavenging activities of erythorbic acid and acyl erythorbates were measured and it was indicated there was no difference in the activity between erythorbic acid and acyl erythorbates in ethanol solution. Additionally, the suppressive ability of acyl er ythorbate against lipid oxidation was investigated. Palmitoyl er ythorbate significantly improved the oxidative stability of methyl linoleate to the same extent as that of palmitoyl ascorbate. Based on these results, acyl er ythorbate could be considered to be a useful food additive as an amphiphilic antioxidant in a food system such as lipid microcapsules.
Introduction
L-Ascorbic acid, commonly known as vitamin C, is a water-soluble vitamin and is widely used in foods as an antioxidant because of its strong reducing ability.
Ascorbic acid in some vegetables such as cucumber, carrot, and pumpkin is easily oxidized through the catalysis of ascorbate oxidase, and the oxidation leads to a decrease in the antioxidative ability and bioavailability of ascorbic acid. D-Er ythorbic acid is a stereoisomer of ascorbic acid and is a by-product in the synthesis of ascorbic acid from glucose using both chemical and microbial processes [1] . Erythorbic acid has only ca. 5% of the vitamin activity of ascorbic acid [2] , although it is approved as a food antioxidant owing to its reducing properties. Obata et al. estimated the first-order rate parameters for the oxidation of erythorbic and ascorbic acids with ascorbate oxidase. They found that the Michaelis constant, K m , of the enzymatic reaction for erythorbic acid was 1.3 times that of ascorbic acid and that the maximum rate, V max , for erythorbic acid was about 21% of that of ascorbic acid [3] . These data indicate that erythorbic acid has a weaker affinity for ascorbate oxidase than ascorbic acid, and is far less prone to enzymatic oxidation. Erythorbic acid would serve as a more effective antioxidant than ascorbic acid in vegetables containing ascorbate oxidase.
The synthesis of 6-O-acyl ascorbate through the lipase-catalyzed condensation of ascorbic acid and a fatty acid in an organic solvent has been previously reported [4, 5] . The enzymatic synthesis is advantageous compared to a chemical procedure owing to the simplicity of its reaction process and its high regioselectivity. Acyl ascorbate is an amphiphilic antioxidant; it consists of a hydrophilic antioxidative moiety and a lipophilic group. It has also been reported that ascorbates exhibit antitumor and metastasis-inhibitory effects [6, 7] . We have synthesized acyl ascorbates using an immobilized lipase and have applied them to the microencapsulation of lipids by spray-drying [8, 9] . Lipid oxidative stability was significantly improved following microencapsulation with acyl ascorbate. The enzymatic condensation of er ythorbic acid and lauric acid has also been repor ted [10] .
However, the effects of various reaction conditions on the productivity of the reaction and the antioxidative (Received 28 Apr. 2014 : accepted 30 Jul. 2014 properties of the product, acyl erythorbate, for lipid oxidation have not been investigated.
It was hypothesized that both acyl ascorbate and acyl erythorbate might be effective for lipid microencapsulation as amphiphilic antioxidants. Additionally, er ythorbate efficiently exerts antioxidative activity in a food system despite the presence of ascorbate oxidase. In this study, the optimal conditions for the synthesis of acyl er ythorbate using an immobilized lipase were determined, and the suppressive ability against lipid oxidation was evaluated. (lipase with Car rier 2)were obtained from Roche Molecular Biochemicals (Mannheim). Chirazyme ® L-2 C2 was used for the condensation of erythorbic acid with the fatty acid in this study, because the activity of Chirazyme ® L-2 C2 for the reaction was the highest among these four immobilized lipases. Palmitoyl ascorbate (purity: 95%) and 1,1-diphenyl-2-picr ylhydrazyl (DPPH) free radicals were purchased from Tokyo Chemical Industry (Tokyo). All other chemicals of analytical grade were obtained from Wako and Yoneyama Chemicals (Osaka).
Materials and Methods

Materials
Synthesis and purification of acyl erythorbate
Erythorbic acid (0.0625-1.0 mmol) and the fatty acid (0.47-7.5 mmol) were weighed into an amber glass vial with a screw-cap, and immobilized lipase (5-200 mg) and 5 mL of organic solvent as a reaction medium were added to the vial. Octanoic, decanoic, lauric, myristic and palmitic acid were individually used as lipophilic substrates for the synthesis of acyl erythorbate. Chirazyme ® L-2 C2, Chirazyme ® L-2 C3, Chirazyme ® L-5, and Chirazyme ® L-9 C2 were tested as catalysts for the condensation. Dimethyl sulfoxide, acetonitrile, acetone, 2-methyl-2-propanol, 2-methyl-2-butanol, ethyl acetate, chloroform, and hexane were selected for investigating the effect of organic solvents on the conversion to the product in the reaction. The headspace of the vial was filled with nitrogen gas to prevent substrate and product oxidation during the reaction, and the vial was tightly sealed over the blowing gas. The vial was then immersed in a water-bath at 30-70℃ with vigorous shaking. At appropriate intervals, 20μL of the reaction mixture was sampled and diluted with an eluent, methanol/water/ phosphoric acid (75 : 25 : 0.1 by vol.), for HPLC analysis.
After the sampling, the headspace was filled with nitrogen gas again. The analysis was carried out using an HPLC (LC-10AT, Shimadzu, Kyoto) with an ODS column mmol of the fatty acid, 0.5 g of Chirazyme ® L-2 C2, and 150 mL of acetonitrile were mixed. The used amount of the fatty acid was saved, as a large amount of unreacted fatty acid resulted from the large scale synthesis is inconvenient for purification of the product. Then, acyl erythorbates were purified according to previous methods [11] .
The 1 H-NMR (400 MHz, CD 3 OD, TMS, 297 K) and 13 C-NMR (100 MHz, CD 3 OD, TMS, 297 K) analyses for lauroyl erythorbate were carried out on a spectrometer (JNM-EX400WB FT, JEOL. Ltd., Tokyo).
Solubility of erythorbic acid in organic solvents
The solubility of substrate in a solvent affects a reaction. The measurement of the solubility is effective for understanding the reactivity in that solvent and for selection of a suitable organic solvent for the reaction. The solubility of er ythorbic acid in the above mentioned organic solvents was measured as follows: Two hundred milligrams of erythorbic acid was added to 5 mL of each organic solvent except for dimethyl sulfoxide, in an amber glass vial. In the case of dimethyl sulfoxide, 1 g of erythorbic acid was used. The vial was immersed in a water-bath at 60℃ with shaking. After 24 h, 20μL of the mixture was sampled and adequately diluted with the eluent for the HPLC analysis. The HPLC analysis was carried out under the same conditions as mentioned above. Solubility measurements were done in duplicates.
DPPH radical scavenging activity
Based on a reported method [12] , the DPPH radical scavenging activities of erythorbic acid and acyl erythorbates were measured. Four milliliters of 0.125 mmol/L erythorbic acid or acyl erythorbate in 50% ethanol solution and 1 mL of 0.5 mmol/L DPPH radical in ethanol solution were added to an amber vial. After filling the headspace with nitrogen gas and sealing the vial tightly, it was vigorously shaken and incubated for 20 min at 25℃. The radical scavenging activity of each erythorbate was measured by the decolorization of the DPPH radical at 516 nm using a UV-Vis spectrophotometer (V-520, JASCO Corporation, Tokyo). The measurements were done in duplicates, and the mean value was calculated.
Measurement of the oxidation process of methyl linoleate with acyl erythorbate
The peroxide value of methyl linoleate with acyl erythorbate was measured as follows: a plastic container was charged with a Petri dish filled with a saturated lithium chloride solution to maintain relative humidity at 12%.
The container was stored in the dark at 65℃ for 1 d.
Next, 200 mg of methyl linolate was dissolved in 5 ml of hexane, followed by erythorbic acid or palmitoyl erythor- The effect of the molar ratio between the substrates on the conversion for the synthesis of lauroyl erythorbate at 60℃ was examined (Fig. 2 ). The maximum conversion increased with the increase of the ratio; however, the conversion did not increase beyond the maximum ratio of 7.5. The first step in the lipase-catalyzed condensation is acylation on substrate binding sites in lipase and formation of an enzyme-substrate complex. Next, transesterification between the donor compound containing the hydroxyl group and the complex occurs. Possibly, the immobilized lipase becomes saturated with lauric acid at ratios above 7.5. Octanoic, decanoic, myristic, and palmitic acid were used for the synthesis of the corresponding acyl erythorbate under the same conditions as for lauric acid. The time-courses of the conversions for these syntheses were similar and there was no difference among the reaction rates (data not shown). It was shown that the acyl chain length of the fatty acid did not influence on the lipase-catalyzed reaction.
Synthesis of acyl erythorbate in various solvents and at various temperatures
Lauroyl er ythorbate was synthesized in various organic solvents as shown in Fig. 3 . The maximum conversion was in the following order: acetonitrile> acetone> 2-methyl-2-propanol, 2-methyl-2-butanol, ethyl acetate, chloroform, and hexane at 60℃ were 2180, 50.8, 48.4, 38.6, 23.9, 4.8, 4.5, and 1.2 mmol/L, respectively. The conversion seemed to be in proportion to the polarity of the organic solvent. We estimated the equilibrium constant based on the concentrations of substrates and products, K C , for the lipase-catalyzed condensation of lauric acid and mannose in water-soluble solvents [13] . It was found that the K C value correlated with the relative dielectric constant of the solvent, because the solubility of a hydrophilic substrate was higher in the solvent with a higher relative dielectric constant. However, the solubility in dimethyl sulfoxide would be too high for erythorbic acid molecules to diffuse to the active site in the immobilized lipase. Figure 4 shows the conversions for the synthesis of lauroyl erythorbate at various temperatures. The reaction rate was faster at higher temperature. The low conversions at 70℃ could be ascribed to the denaturation of the immobilized lipase at that temperature. Therefore, the reaction at 60℃ should be adopted for the effective synthesis of the product.
Relationship between the amount of the immobilized lipase and the reaction rate
The condensation of erythorbic acid with lauric acid was carried out with various amounts of Chirazyme ® L-2 C2 in acetonitrile. The effect of the amount of immobilized lipase on the reaction rate is shown in Fig. 5 . The initial reaction rate increased as the amount of the lipase increased. The reaction rate per unit amount of the lipase reached a peak at 10 mg of the lipase and then decreased at amounts higher than 10 mg. The percent conversions at 48 h in the cases of 5, 10, 50, 100, and 200 mg of the lipase were, however, 15.8, 58.2, 83.7, 85.3, and 78.5%, respectively. Thus, more than 50 mg of lipase was required to obtain high conversion.
Suppressive ability of acyl erythorbate against lipid oxidation
DPPH radical scavenging activities of erythorbic acid and acyl erythorbates were measured, and the 50% scavenging concentrations (SC 50 ) were estimated. The radical scavenging activities of ascorbic acid and palmitoyl ascorbate were also evaluated. The SC 50 values of erythorbic acid, octanoyl, decanoyl, lauroyl, myristoyl and palmitoyl erythorbate, ascorbic acid, and palmitoyl ascorbate were 5.41, 5.33, 5.39, 5.06, 5.19, 5.68, 5.28, and 4.72, μmol/L, respectively. These data indicated that there was no difference in radical scavenging activity between erythorbic acid and acyl erythorbates and between erythorbate and ascorbate in ethanol solution. Figure 6 shows the transient changes in the peroxide value of methyl linoleate with erythorbates at 65℃ and under 12% relative humidity. Palmitoyl erythorbate was chosen from various acyl erythorbates with different acyl chain length for this experiment, because the antioxidative ability of the erythorbate against a lipid oxidation could be compared with that of palmitoyl ascorbate, which had the same acyl chain length as the erythorbate and could be 
Conclusion
Acyl erythorbate was synthesized through the lipasecatalyzed condensation of erythorbic acid with saturated fatty acids, and the optimal conditions for the reaction were determined. The maximum conversion of more than 85% for 48 h was attained under the standard condi- 
